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Abstract: The ternary phase, QUTe; (x = 0.25 and 0.33), was synthesized from a 3/1/4 mixture of Cu/U/Te
that was heated to 80U for 6 days and cooled at a rate-e#f °C h™1. It adopts the monoclinic space group
P2,/mwith a = 6.0838(12) Ab = 4.2140(8) Ac = 10.361(2) A8 = 98.83(3}, andV = 262.47(9) A& (for

x ~ 0.25). The structure is built from Ugeayers of ZrSe-type that are connected in the [001] direction by
Cu atoms. The Cu atoms stabiliaeUTe; by inserting between the layers. {LiTe; can be prepared rationally
via a soft chemistry route by reaction of Cu withUTes. The structural analysis suggests the presence of
straight chains of Te atoms-8.0 A apart) along the-axis but this is an artifact as shown by electron diffraction
studies of C{UTe; that indicate the existence of a supercell alonggtiaeis. Pair distribution function analysis
(PDF) was used to show that the-T&€e chains contain FeTe dimers at 2.74 A. Charge transport measurements
suggest a narrow gap semiconductor but they also indicate anomalous behavior as a function of temperature
with a n-type to p-type transition at40 K.

Introduction we became interested in the copper uranium telluride system
that afforded the interesting phase,Otie; (x = 0.25 and 0.33).
Only two other ternary copper uranium chalcogenide phases
have been reported (i.e.: @UsQ/° and CuyUsQi3 (Q = S,
Se}Y) which were found in the sulfide and selenide systems.
Although formulated differently, GWTe; (x = 0.25 and 0.33)

is isostructural to CuTfTes!? and adopts the layered ZrSe
structure type. Structurally, these ternary compounds derive from
the parent binary layered phases by inserting copper atoms
between the layers. The occupancy of the copper site ranges
from 0.25 to 0.50. In this sense, these compounds can be
compared to the intercalation compoundsZi@Qs; (0 < x <

Actinide chalcogenides particularly with uranium and thorium
have been investigated for many years, yet besides the rich
structural and compositional diversity discovered in these
systems questions remain mainly in the telluride congeners
concerning their exact structures. The problem is complicated
by (perhaps derives from) the well-known tendency of Te to
form long-range Te-Te interactions. Understanding these
interactions is important because they directly impact the
physical and electronic properties of these materials. Recently,
a survey of the structural chemistry of both ternary and
quaternary uranium (and thorium) chalcogenides was pre-

13,14 i i i i i
sented. Among the most notable in this class include CskfTe i).ch a-ls—ht?\est'rrlljs(,:él:trgzdcl)sftcr)r:ict’glsa?gfnusrr::)negt ugg: tlrr:;ercalatlon,
CsHfsUTes.62 AMUQ3 (A = alkali or alkaline earth metal, u : ! W #he

M = 3d metal, Q= S, Se, Te}>3 CsTiUTa;2 TlosdUTes* layers, are not well understood. In addition to theZitSe; (0

K,UP:S&,5 KoThPsSey 6 CsThoPsSe76 and RRUP:Ses’ as < x =< 3) phases, a series of compounds with the formula

ATh,Qs (A = K, Rb, and Cs; Q= Se and Té€¥ has been
Il 8K o R SN Il 26 ; . .
well as KeCuizUzSrs” KU2SbSe,” and RbUSbS.” Naturally reported where an alkali metal cation has been inserted between
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the ThQ ZrSe-type layers. In the case of AT8e; electron

diffraction experiments showed the Se atoms in the structure Analysis for CuUTe; (x = 0.25 and 0.33)

Patschke et al.

Table 1. Summary of the Crystallographic Data and Structural

to adopt a long-range superstructure not detected by the X-ray

crystal 2

crystal 3

single-crystal analysis. Here, we report on the structure and ™ nemical formula
physicochemical properties of @uiTe; (x = 0.25 and 0.33) crystal habit, color
that also present long-range superstructures, the details of which radiation

depend on the value of This is the result of local distortions ~ crystal size, mm

CeisUTes

needle, silvery black
Mo Ko (0.71073 A)
0.0% 0.05x 0.08

Clop2sUTes

needle, silvery black
Mo Ko (0.71073 A)
0.03x 0.04x 0.10

that we discuss with respect to the parent binary phaséTes. temperature, K 173 293
S . crystal system monoclinic monoclinic
Furthermore, we present pair distribution function (PDF) data, space group P2,/m P2,/m
based on théotal X-ray scattering of CiUTe; anda-UTe;, to a A 6.0901(12) 6.0838(12)
show that these two nearly isostructural phases, have substan-b, A 4.2083(8) 4.2140(8)
tially different local structure. This is much more so than what ¢, A 10.335(2) 10.361(2)
is suggested by the single-crystal X-ray analysis. We also present {3/ , dAe39 29681-965é3g 2952-827(33
a convenient “chimie douche” route for the rational preparation 7 5 ©) 5 ©)
of CUXUTeg from Cu anda-UTeg. u, mmt 48.529 48.063
) ) index ranges &h=s7 —-8=<h=<7
Experimental Section —5<k=<5 -5<k=5
) . ] —13=<1=13 —13=<1=13
Reagents The following reagents were used as obtained: (i) copper 20ma deg 56 56
powder, 99.9% pure, Fisher Scientific Co., Fairlawn, NJ; (i) uranium  ;5i2i' o of data 1692 2591
powder, 99.7% pure, 60 mesh, Cerac, Milwaukee, WI; and (iii) tellurium  no_of unique data 691 692
shots, 99.9% pure, Noranda Advanced Materials, Saint-Laurent, Quebec, R(int) 0.045 0.044
Canada. no of. parameters 32 32
Synthesis of CyUTes (x = 0.25 and 0.33) Amounts of 0.076 g final RLWR2 2 % 5.04/11.80 4.13/10.42
(3.0 mmol) of Cu, 0.095 g (1.0 mmol) of U, and 0.204 g (4.0 mmol)  Goof 1.047 1.190

of Te were weighed into a vial in anNilled glovebox. The starting

materials were mixed thoroughly and loaded into a carbon-coated silica

ampule. The ampule was then evacuated tox 10~4 mbar and flame-

ARL= 3 (IFol — IFel)/Y|FolwRR2 = { 3 [W(Fo? — F2)A/ T [W(Fs2)F} 2

Table 2. Fractional Atomic Coordinatesx(0%), Equivalent

sealed. In a computer-controlled furnace, the reaction was heated tojsotropic Displacement Parameters?(A 10%), and Occupancies for

800 °C over 36 h, held at that temperature for 6 days, cooled to 400
°C at 4°C/h, further cooled to 100C at 6°C/h, and quenched to 50

°C. The ampule was opened in air to reveal the product, which consisted

of purple cubes (25%), black powder (25%), and silver needles and
plates (50%). All entities of the product are air and water stable. The
purple cubes and black powder were identified by semiquantitative
energy dispersive spectroscopy (EDS) to beTeuand UTe, respec-

tively. The silver needles and plates gave the same average composition

of CuU1oTer7-29 (X varied from 0.16 to 0.35).

Physical Measurements. (a) Powder X-ray Diffraction Analyses
were performed by using a calibrated Rigaku Rotoflex rotating anode
powder diffractometer controlled by an IBM computer and operating
at 45 kV/100 mA wih a 1 degK/min scan rate, employing Ni-filtered
Cu radiation. Powder patterns were calculated with the Cerius2
software!®

(b) Semiquantitative Energy Dispersive Spectroscopy (EDSJhe

Cuw23UTes (Crystal 3) with Estimated Standard Deviations in
Parentheses

atom X y z Ueg? A2 occ
U 0.7914(1)  1/4 0.1629(1) 0.0009(1) 1
Te(l) 0.2659(2)  1/4 0.0599(1) 0.0009(1) 1
Te(2) 0.4007(2)  1/4 0.6620(1) 0.0014(1) 1
Te(3) 09114(2)  1/4 06685(1) 0.0016(1) 1
Cu 0.0930(15) 1/4  0.4656(7) 0.0019(2)  0.25

@ Ugq is defined as one-third of the trace of the orthogonalizgd
tensor.

were collected over a full sphere of reciprocal space for both crystals,
up to 56 in 26. The individual frames were measured withcarotation

of 0.3° and an acquisition time of 60 s for crystal 2 and 30 s for crystal
3. The SMART® software was used for the data acquisitions and

analyses were performed on a JEOL JSM-35C scanning electron SAINT* for the data extractions and reductions. The absorption correc-
microscope (SEM) equipped with a Tracor Northern energy dispersive tions were performed using SADABS.The structures were solved
spectroscopy (EDS) detector. Data were acquired on several crystalswith direct methods using the SHELXTL package of crystallographic
using an accelerating voltage of 25 kV and 40 s accumulation time. programs. The complete data collection parameters and details of the
(c) X-ray Crystallography. For reasons outlined in the results and ~ structure solutions and refinements are given in Table 1. The fractional
discussion section, several crystals were examined crystallographically.atomic coordinates, isotropic and anisotropic temperature factors, bond

Crystal 1: A single crystal with dimensions of 0.02 0.05 x 0.10
mm was mounted on the tip of a glass fiber. Intensity data were

distances, and bond angles for crystal 3 are given in Tabtes 2
Pair Distribution Function Analysis (PDF). The procedures used

collected at room temperature on a Rigaku AFC6S four-circle automated to perform atomic pair distribution function analysis of X-ray diffraction

diffractometer (Mo Kx radiation). Space grouf2;/m. Unit cell
parametersa = 6.0944(11) Ab = 4.2158(11) Ac = 10.3668(9) A,

B = 98.874(10)V = 263.16(9) &, Z = 2. An empirical absorption
correction based op-scans was applied to all data during initial stages
of refinement. The structure was solved by direct methods with the
SHELXTLY package of crystallographic programs. FirRl/wR2
(defined in Table 1) 6.26/20.08%rystals 2 and 3: Single crystals
with dimensions of 0.03« 0.05 x 0.08 mm for crystal 2 and 0.08
0.04 x 0.10 mm for crystal #3 were mounted on the tip of a glass
fiber. Intensity data were collected at 173.1 K for crystal 2 and room
temperature for crystal 3 on a Siemens SMART Platform CCD diffrac-
tometer using graphite monochromatized Ma. Kadiation. The data

(16) CERIUS, Version 2.0; Molecular Simulations Inc.: Cambridge,
England, 1995.

(17) Sheldrick, G. MSHELXTL Version 5; Siemens Analytical Xray
Systems, Inc.: Madison, WI, 1994.

data have been published elsewh@rghe total scattering profiles of
o-UTe; and Cu 3UTe; (nominal composition prepared by Cu insertion)
were collected with use of the high-energy diffraction beamline (11I1D-
C) available in the BESSRC-CAT at the Advanced Photon Source
located at Argonne National Laboratory. This beamline uses an elliptical
multipole wiggler to provide extremely high energy X-rays (114.95
keV; 2 = 0.10786 A) at high flux. The high energy available at the

(18) SMART Siemens Analytical Xray Systems, Inc.: Madison, WI,
1994.

(19) SAINT, Version 4.0; Siemens Analytical Xray Systems, Inc.:
Madison WI, 1994-1996.

(20) SADABS Sheldrick, G. M.; University of Gitengen: Gttengen,
Germany, submitted for publication.

(21) (a) Egami, TMater. Trans, JIM 199Q 31, 163. (b) Billinge, S. J.
L.; Egami, T. Phys. Re. B 1993 47, 14386. (c) Billinge, S. J. L;
DiFrancesco, R. G.; Kwei, G. H.; Neumeier, J. J.; Thompson, PHys.
Rev. Lett 1996 77, 715.
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Table 3. Anisotropic Displacement Parameters? (A 10°) for to ascertain the presence of copper and to probe the variation
Cuo2dJTes (Crystal 3) with Estimated Standard Deviations in in the value ofx. As a result three crystals were solved and
Parenthesés refined; two gavex ~ 0.25 and one gave~ 0.33. This suggests

Un Uz Uss Uiz Uiz Uzs that x can vary substantially although the range was not

u 0.0008(1) 0.0005(1) 0.0013(1) O 0.0001(1) 0 determined. The observed crystal structure oflCies (x =
Te(1) 0.0007(1) 0.0009(1) 0.0011(1) O 0.0001(1) O 0.25 and 0.33) viewed down theaxis is shown in Figure 1.
Te(2) 0.0016(1) 0.0011(1) 0.0017(1) O  0.0007(1) O The three-dimensional framework is built from layers very
2;%3) ggg?}f((sl)) 888;\%3 gggfg(%) 8_0'06383(113(4) 0 0 similar to those found in ZrSewhich are linked together by
: i i : copper atoms. I-UTes, which adopts the Zr3estructure type,
2 The anisotropic displacement factor exponent takes the following each U atom is coordinated to eight Te atoms in a bicapped

form: —27?[h%a?Uy; + ... + 2hkab*U;]. P Corresponding, y, zand : ; : ; ; :
Uy values for Cu in crystal 2: 0.092591, 1/4, 0.464688. values: trigonal prismatic environment. These trigonal prisms stack

0.02700. 0.01529. 0.01646. 0.00000. 0.00464. 0.00000. along theb-axis to form wedge-shaped columns by sharing
triangular faces. Layers are then formed when neighboring

111D-C allows the collection of high momentum elastic scattering data columns share both their capping and apex monotellurides, see
(up toq ~ 45 A1, whereq = 4z sin 6/4), while also minimizing the Figure 2A. Within these layers, there are ditelluride units that
necessity for absorption and multiple-scattering corrections. The finely grient with their Te-Te bonds parallel to the-axis. The
ground samples were placed in thin wall 2 mm glassy capillary tubes Te—Te bond distances are 2.751(1) A within the ditelluride
and mounted in an aluminum sample stage. The sample stage wagnits and 3.350(1) A between them. In,CiTe; (x=0.25 and
mounted inside a liquid He cryostat that was cooled to 5.6(1) K. The 0.33), however, the FeTe distances (Te2Te3= 3.098(2) A,

relatively weak inelastic Compton scattering and fluorescence intensity o T . RV
were discarded using a narrow energy window of an energy dispersive Te3-Te2=2.987(2) A) are almost equal, giving rise to infinite

Ge detector to obtain the raw scattering intensity. The intensity of the Chains running along the [100] direction. As we will show later,
incident beam was monitored with a ion-chamber current diode detector these chains are an artifact of the crystal structure analysis which
and the raw data corrected for fluctuation of the intensity of the incident averages out long-range modulations that give rise to local
beam. The data were also corrected for detector dead-time anddistortions and a superstructure.

polarizgtion effects. No background correction or secondary Compton  The copper atom is stabilized in a distorted tetrahedral
€yeometry and sits on a mirror plane that generates a pair of

I(g), were converted to the normalized profil&q), and the atomic crystgllog_raphlcally related SIteS'. The dlst_ance between these

pair distribution functions calculated with the program RAD. two sites is 2.556(4) A. Although it '§ tempting to Con(?Iude the
Transmission Electron Microscopy. Electron diffraction studies ~ COPPer atoms may not sit on both sites at the same time due to

were carried out on a JEOL 100CX transmission electron microscope the partial occupancy on this site, this distance is reasonable

(TEM) using an electron beam generated by a £#Bment and an for a Cu—Cu d'%—d!° interaction and cannot be ruled out

acceleration voltage of 120 kV. After the samples were ground to a according to the pair distribution analysis presented later.

fine powder in acetone, the specimens were prepared by dipping @ The cell parameters of QUTe; (x = 0.25 and 0.33),

carbon-coated grid in the suspension. The samples showed no decomi:ompared to those af-UTes, show only a slight expansion
position under the electron beam. along thec-axis of 0.0548 A and a slight increase in the cell

Charge Transport Measurements.DC electrical conductivity and | f0.07 B v th . iall hift
thermopower studies were performed on single crystals of the com- volume of 0. - Consequently, there is essentially no shi

pound. Conductivity measurements were performed in the usual four- IN the positions of the peaks in the X-ray powder diffraction
probe geometry with 60- and 25-mm-diameter gold wires used for the pattern. As a result, GUTes (x = 0.25 and 0.33) cannot be
current and voltage electrodes, respectively. Measurements of the samyeadily distinguished from-UTe; by casual comparison of the
ple cross-sectional area and voltage probe separation were made witttwo patterns.

a calibrated binocular microscope. Conductivity data were obtained with  The structure of CUTes (x = 0.25 and 0.33) is similar to
the computer-automated system described elsevéh@reermoelectric that of ThsdJTes* (Figure 3). It is therefore instructive to

power measurements were made with using a slow ac tectifigile compare these two structures and understand the differences
60 um gold wires serving to support and conduct heat to the sample, P

as well as to measure the voltage across the sample resulting from thd€Y Pose. Both compounds are built from layersaetiTe;
applied temperature gradient. In both measurements, the gold electrodedVith metal atoms inserted between them on partially occupied
were held in place on the sample with a conductive gold paste. sites. The difference, however, lies in both the way that the
Conductivity specimens were mounted on interchangeable sample UTes layers stack with respect to one another and how the metal
holders, and the thermopower specimens were mounted on a fixedcations insert between these layers. InlCLe; (x = 0.25 and
sample holder/differential heater. Mounted samples were placed under(,33), the layers of UTgstack in such a way that tetrahedral
vacuum (10° Torr) and heated to room temperature fer2h to cure  pockets are formed between the layers for the copper atoms to
the gold contacts. For a variable-temperature run, data (conductivity asige. In To.sdJTes, the layers shift with respect to one another
or thermopower) were acquired during both sample cooling and o 4o 4 |arger, square prismatic pocket is formed for the much

warming to check reversibility. The average temperature drift rate during . . ; s
an experiment was kept below 1 deg K/min. Several variable-temper- larger thallium atom to reside. This shift in the layers completely

ature runs were carried out for each sample to ensure reproducibility changes the symmetry of the compound. Whilg\Cie; (x =

heavy element containing samples. The corrected scattering profiles

and stability. At a given temperature, reproducibility was withi5%. 0.25 and 0.33) remains isostructural to tx&JTes (monoclinic),
TlosdUTes is orthorhombic.
Results and Discussion a- vs fB- UTes. After the crystals of CUTe; (x = 0.25 and
Structure. Because in the early stages of this work/GTies 0.33) were discovered in the reaction mixture, efforts were made

was confused witlu-UTes due to the almost identical unit cell to synthesize the compound as a single phase through a rational
: led to a mixture of C{UTe; (x = 0.25 and 0.33) as well as
Tr;ﬁ? hﬁ?ﬁﬂ%{_JM\éang%?ye;7H'73; Marks, T. J.; Kannewurf, C.IREE both thea- and3-type?* UTes, we decided to prepare-UTe
(23) Marcy, H. O.; Marks, T. J.; Kannewurf, C. FEEE Trans. 1nstrum,  as astarting material for further reaction with copper in a second
Meas.199Q 39, 756. step. The problem we encountered was thdt)Te; is less
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Table 4. Selected Distances (A) and Bond Angles (deg) fogfuTe; (Crystal 3) with Standard Deviations in Parentheses

Bond Distances

U-Te(1) 3.1053(1) 2 U-Te(2) 3.121(1) 2 Cu-Te(2) 2.545(4)x 3 Te(2-Te(3) 2.988(2)
U-Te(1) 3.209(1) U-Te(3) 3.130(1)x 2 Cu-Te(3) 2.522(9)x 2 Te(2)-Te(3) 3.097(2)
U-Te(1) 3.230(1) CuTe(3) 2.521(9)
Bond Angles

Te(1-U—Te(1) 85.47(3)x 1 76.01(3)x 2 76.14(3)x 2 141.75(4)x 1

Te(1)-U—Te(2) 151.72(3) 2 87.89(3)x 2 75.58(3)x 2 128.73(2)x 2

Te(1)-U-Te(3) 149.46(4) 2 86.98(3)x 2 130.24(3)x 2 73.45(3)x 2

Te(2y-U—-Te(3) 57.10(3)x 2 84.66(4)x 2 111.45(3)x 2

Te(2)-U-Te(3) 73.2(2)x 2 112.6(2)x 2

Te(3)-U—Te(3) 119.4(2)x 2 113.3(3)x 1

3.0978(16)A

atoms, and the open ellipses represent Te atoms.

ZrSe, type (a-UTe,) NdTe3 type (B-UTe,)

Figure 2. Extended stuctures of (A)-UTe; and (B)S-UTes.

thermodynamically stable thg#+UTe;, making it difficult to
prepare pure. The structural difference between dheand

2.9875(16)A

Figure 1. ORTEP representation of the structure of,Qlie; (x =
0.25, 0.33) as seen down theaxis (80% ellipsoids). The ellipses with
octant shading represent U atoms. The crossed ellipses represent C

Figure 3. Extended structure of JdUTe; as seen down thie-axis.

atoms. As previously described;UTe; (Figure 2A) consists

of uranium atoms that are eight coordinate bicapped trigonal
prismatic with rows of ditelluride atoms above and below the
layers of uranium atoms. |A-UTes;, which adopts the Nd&e
structure type (see Figure 2B), the uranium atoms expand their
coordination sphere to nine Te atoms in a tricapped trigonal
prismatic arrangemenB-UTe; is structurally more dense and,

as a result, the tellurium atoms above and below the plane of
uranium atoms are best described as a square Te net. The
lIjiterature reports the following synthesis farUTes.2

1 week

1 week
U + 3Te 650°C

650°C

grind o-UTe, (1)

Our attempts to reproduce this synthesis, however, resulted only
in 5-UTes. An added complication derived from the fact that
there exist several other,Ueg, binary compounds with similar
compositions (i.e.: UTg726 UTey, 252" UTe3.2352%2628UTe3 4,229
U,Te3,30 UTes, 2531 U,Tes,2532U3Tes, 3% and U Tep2*). To avoid

(24) Ngel, H.; Levet, J. CJ. Solid State Chen1.989 79, 28.

(25) Boehme, D. R.; Nichols, M.; Snyder, R. L.Alloys Compd1992
179 37.

(26) Haneveld, A. J.; Klein, K.; Jellinek, B. Less-Common Met969
18, 123.

(27) (a) Stave, K. J. Solid State Chenml996 127, 202. (b) Haneveld,
A. J.; Klein, K.; Jellinek, F.J. Less-Common Met97Q 21, 45.

(28) Suski, W.; Wojakowski, A.; Blaise, A.; Salmon, P.; Fournier, J.;
Mydlarz, T.J. Magn. Mater.1976 3, 195.

(29) (a) Breeze, E. W.; Brett, N. H. Nucl. Mater.1971, 40, 113. (b)
Breeze, E. W.; Brett, N. H.; White, J. Nucl. Mater.1971 39, 157.

(30) Tougait, O.; Potel, M.; Levet, J. C.;"Wb H. Eur. J. Solid State
Inorg. Chem.1998 35, 67.

(31) (a) Neel, H. Inorg. Chim. Actal985 109, 205. (b) N@l, H. Mater.
Res. Bull.1984 19, 1171

(32) (a) Tougait, O.; Potel, M.; Ng, H. J. Alloys Compd1997, 262

B-UTes lies in the coordination environment of the uranium 320. (b) Steve, K. Z. Anorg. Allg. Chem1996 622, 1423.
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A Table 5. Relative Stability of the UTgStructure Types as a
(A) Function of the Amount of Tellurium Addéd
? reaction product(s)
® ZrSe3-type 1U+ 2.5Te o-UTed
‘J‘ B UTes 1U + 3.0Te a- andp-UTes
1U + 3.5Te o- andp-UTes
(B) 1U + 4.0Te B-UTe;
° o e 1U+ 4.5Te B-UTes
2 days 2The reaction was heated to 68C for one week. The products
(©) were determined by powder X-ray diffractiohMay contain slabs of
the U;,Tes phase as an intergrowth.
ce © ] E
e Z ¢ i | Copper Metal
(D) g ] 3 opper Meta
b t t t T t
g F 3
o § E E
o L 8t 3 0.5Cu+ UTe,
. r ] .
. ¥l 7 days %,‘ Fy | | Wm before heating
g
(E) 2 Pt : : } : ]
] 0.5Cu + UTe3
after heating
o]
S, ] JJ . 11 days 0 20 30 40 50 60
0 10 20 30 40 50 6 ot 2 theta
e ZrSez-type UTe3 o NdTe3-type UTe3 Figure 5. X-ray diffraction patterns of the CatUTe; system showing

. . . the “absorption” of Cu by the binary telluride to form Eies.
Figure 4. X-ray powder diffraction patterns of (A)-UTe; and (B-E)

the products of 1Ut 3Te heated to 650C for 2, 5, 7, and 11 days. Once then-UTe; was prepared pure it was used as a starting
material for further reactions with copper metal.

these binary phases, a series of reactions were run with a U:Te

ratio of 1:2.5 and the products were monitored as a function of xCu+ a-UTe;—~ CuUTe, (2)

time over the course of 5 days while heating at 525 After

1 day, the product was determined by powder X-ray diffraction

to be pureo-UTes. The powder patterns surprisingly did not

change upon heating for up to 5 days and indicate that at a

1:2.5 ratio,a-UTes will consistently form as a pure phase. In

fact, it does not matter which temperature is chosen for this

reaction to occur. As long as the ratio is 1:2.5, the mixture can

be heated as high as 990G for 7 days to given-UTes;. When

the ratio is changed to 1:3, however, the results were quite

different. A second series of reactions were performed where

U and Te were mixed in a ratio of 1:3 and heated to 860

from 1 to 11 days, see Figure 4. After 2 days, the product was R - L

a miture of o and-UTes Afer 57 cays, e rodut Do [N 7 conper serton In T The powter

was still a mi>l<tur.e but .the Br_agg peaks correspoqding to the UTe; before heating, and the’product of O.5€Eul'.0a-U'T%

ﬁ'U-_II—_e3 grew n 'Qte:;'ty lv;hcljle thoz;,]e cor:jespondln_g t% thel after heating are shown in Figure 5. The peaks from elemental

a-UTes ecreased. Alter ays, the product consisted only copper have noticeably disappeared, whereas the peaks due to

of f-UTes. Flnal_ly, a set of expenment§ was (.:onduc'ted where UTe;s are still there suggesting that Cu has successfully inserted

the U.to Te ratio was chosen to be .1'2'5’ 1:3.0, 1:3.5, 1:4.0, between the layers to form the isostructurajClies. The EDS

and 1.4.'5. The results, .summarlzed in Tablg 5, show that at aanalysis gives an average composition of GUTes, confirming

U:Te ratio of 1:30-UTes is less thermodynamically stable than that there is indeed Cu in the product.

p-UTes. The prqduct formed depends more strongly on t_he The successful Cu insertion into the structure of bVia a

amount of tellurium added rather than the temperature or time relatively mild “chimie douche” route, using Cu metal, may in

chosen for the reaction to occur. This raises the possibility that ¢, + pa 5 general synthetic method for,the generation o% a number

a-_LrJ‘Teg m%y m;islct be a norflst0|ch|om_itlr|c Te-deficient phﬁse or novel intercalative Cu derivatives of appropriate electron
with considerable amount of4Ue; possible as an intergrowth.  accenting host structures.

Mixtures of Cu ando-UTe; in the ratio of 0.25, 0.33, 0.5,
0.75, 1.0, 1.25, and 1.5 to 1.0 were pressed into pellets and
heated at 300C for 2 days in a 13 mm Pyrex ampule that was
flame sealed under vacuuth The idea was that under mild
heating conditions and close physical contact, the copper would
be able to insert between the layers of YBad form the
CuUTe; (x = 0.25 and 0.33) phase. As discussed earlier, there
is no recognizable difference in the positions of the peaks in
the X-ray powder pattern of GUTes (x = 0.25 and 0.33) and
o-UTes. However, if the Bragg peaks corresponding to elemen-
tal copper decrease in intensity or even disappear, this could

(33) Tougait, O.; Potel, M.; Nal, H. J. Solid State Chen1998 139 (35) Note: The Cu metal was first activated by washing it with copious
356 amounts of dilute hydrochloric acid. If this step is not taken, the oxide

(34) Tougait, O.; Potel, M.; Nal, H. Inorg. Chem1998 37 (20), 5088. coating on the metal prevents it from reacting with thé&Tes,



4760 J. Am. Chem. Soc., Vol. 123, No. 20, 2001 Patschke et al.

Pair Distribution Function Plot the parento-UTes, the single-crystal model also indicates a
of Uranium Tri-Tellurides (Q__=35A4") single U-U distance of 4.22 A, but the PDF of QiiTe; clearly
80 shows that the distribution of the 3.9 and 4.2 A vectors is

[ R W A v, different, indicating a significant local distortion in the structure
U R upon Cu insertion.

It is clear that the PDF data demonstrate the intercalation of
copper into thex-UTes structure, and the resulting compound
has a distinct local structure, while at the larger distance regime,
the overall structure appears qualitatively similar to the parent.
Detailed modeling of the observed structural distortions needs
to be performed to characterize these interesting local structures
that are not observable in the Bragg data. Such work is currently

40

20 F Te—Te

-20 !
] Vb in progress and the detailed structure analyses will be presented
40 b i elsewheré!
Superstructure. To balance the charges of @ille; (x =
-60 -t ; ) ’ y ) ’ 0.25 and 0.33), one must understand how the insertion of copper
2 4 6 8 10 12 14 16
i has affected the Ugdramework. To accommodate the extra
r(a) +0.25 and+0.33 charge, some atoms in the framework must
Figure 6. Atomic pair distribution function ot-UTe; and CyUTes. be reduced. Due to the close proximity of the so-called infinite
The relevant interatomic vectors are shown. Te chains to the copper atoms in the structure, it is most likely

o . . that these Te atoms act as the electron acceptors. This means
Pair Distribution _Funct|on (PDF) Analysis. To prove that some of the TeTe units in the parentt-UTe; structure

W_hether t_he Cu had inserted betw_een the Iay(_ars, howev_er, MOr&yiil be reductively cleaved as indeed is observed crystallo-

direct evidence was needeq. Th|s was an important issue tographically, see Figure 1 and Table 4. Therefore, a reasonable

resolve beyond any doubt if this type of reaction is to be 1-X

proposed as a potential synthetic tool for Cu insertion chemistry. formula would be (C[h)x(U“'*)(TeZ‘)(Te(T))z. It is possible

To solve this problem we used PDF analysis, a powerful that such a reduction could cause a subtle superstructure to form

experimental technique capable of probing the local structure whereby some of the FeTe bonds in the chain are broken and

of materials regardless of their degree of crystallinity. The PDF some remain intact. Perhaps a clue for the presence of a super-

is very sensitive to the coordination environment of atoms over structure comes from the anisotropic temperature factdys,

short (<5 A) and intermediate (520 A) ranges. The approach  andUss, for the Te atoms in the chains (Te2 and Te3), which

has proven to be quite successful in determining the structureare larger than those of the uranium and Tel atoms, see Table

of various materials exhibiting different degrees of structural 3. Furthermore, the PDF data discussed above support the

disorder such as well-crystallized 1.aCaMnQO34*6-38 and existence of normal FeTe bonds (at-2.75 A) in the structure
disordered exfoliated-restack&dS.3° which are “invisible” in the single-crystal structure analysis.
The PDF data obtained for-UTe; and Cu 33JTe; are shown To probe such a superstructure, we used electron diffraction.

in Figure 6. The peaks at low interatomic distamcgive us Since it was not yet clear as to how tkealue of CyUTes (x
unique insight into the situation present in the first coordination = 0.25 and 0.33) would affect any potential modulation, the
sphere in both phases. In the copper intercalated phase, the peakame crystals used for the X-ray structure determination (crystals
at 2.75 A is indicative of shortened Fde bonds, not present 2 and 3) were carefully removed from the glass fiber and
in the single crystal model. This argues strongly for significant prepared for study by transmission electron microscopy (TEM).
local distortions, which may in fact be periodic as implied by Diffraction was studied perpendicular to the WTayers. Both

the presence of a superstructure observed by electron diffrac-crystals showed evidence of a superstructure, see Figures 7 and
tion (see below). The weak, broad shoulder-&t5 Aisdueto 8 Remarkably, two different superstructures were found. When

Cu—Te and possibly CtiCu vectorst® The observation dfoth the amount of copper in the compound was 0.25, an incom-
aclear2.5A ShOUldgnda 275 A peak IS Stro_ng evidence for mensurates.25au x 1bsup Superce" was observed, while a
the presence of Cu in the intercalated material. commensurate Superce” 66sup x 1bsyp was found when the

~ The large peaks at 3.15 A in both phases correspond to theamount of copper was 0.33. In contrast, corresponding electron
first U—Te coordination shell. The breadth of these peakS diffraction experiments om-UTes show that there is no
reflects the range of UTe vectors present. At slightly longer  modulation in the structure. These resullts tell us that the amount
distances in the PDF of GUTe; we observe peaks around 3.9 of copper introduced between the layers directly affects how
and 4.2 A which correspond to Fde and U-U vectors. In the Te chains in the structure distort by dictating how many
(36) (@) Gutmann, M.; Bilinge, S. J. L.; Brosha, E. L.; Kwei, G. H. Tezzflunits are present. Therefore, based on the multifaceted
Phys. Re. B200Q 61, 11762. (b) Proffen, Th.; DiFrancesco, R. G.; Billinge, experimental evidence presented above, we submit that the linear
S.J. L; Brosha, E. L; Kwei, G. HPhys. Re. B 1999 60, 9973. chains with almost equal FeTe distances, observed by the

Fol(g;)ﬁ?g‘fg’ﬁil\_"’\;ﬂgé'_zgngcgsé% Téng'_; Bilinge, S. J. L.; Acharaya, M- gingle_crystal X-ray analysis, are an illusion caused by the

(38) (a) Toby, B. H.; Egami, T.; Jorgensen, J. D.; Subramanian, M. A. averaging effect imposed from the substructure.
Phys. Re. Lett. 1999 64 (20), 2414-2417. (b) Dmowksi, W.; Toby, B. Charge Transport. Charge transport measurements were

gﬁyggggl,l_;{ fggéa&a&'g)n‘ Zhgbeééﬁg?alakrﬁhnan’ 35 Sleight, A-W. 2 de on bulk crystals of GUTes (x = 0.25 and 0.33) as well

(39) Petkov, V.; Billinge, S. J. L.; Heising, J.; Kanatzidis, M. & Am. as on a polycrystalline pressed pellet of the biraftyTe;. The
Chem. Soc200Q 122, 11571. electrical conductivity and thermopower data on/CTie; (x =

(40) The disordered single-crystal model suggests a pairing or chain ; ; ~
formation of Cu atoms at 2.55 A. Such a short-@1u distance is reasonable 0.25 and 0.33) are shown in Figure 9. The room-temperature

considering that in GiTe, the Cu-Cu distance at 2.45 A is much shorter ~ conductivity reaches-280 S/cm and decreases with decreasing

than the Cu-Te bond length of 2.67 A (in Gie there are T~ units
with a 2.82 A bond length). (41) Breshears J. D.; Kanatzidis M. G. Work in progress.
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with the electron beam perpendicular to the layers ([001] direction)
showing the commensurate superlattice reflections along’tfzis.

(B) Densitometric intensity scan along tke&-axis of the electron
diffraction pattern (boxed area on photograph) showinghth8) family

of reflections. The three reflections from the sublattice of £&uTes

are indexed. The four weak peaks are from the superlatticeaa(ish

Figure 7. (A) Selected area electron diffraction pattern op e Tes
with the electron beam perpendicular to the layers ([001] direction)
showing the incommensurate superlattice reflections along*tasis.

(B) Densitometric intensity scan along tle-axis of the electron
diffraction pattern (boxed area on photograph) showinghi8)(family

of reflections. The three reflections from the sublattice of £duTe;

are indexed. The four weak peaks are from the superlatticeaa(ith = 6.0acup.

= 6.2%u.
o-UTe;, for comparison, see Figure 10. The thermopower data

temperature, suggesting a semiconductor. At 250 K there is anof o-UTes, which is insensitive to grain boundaries, give a

anomalous dip in the data. Interestingly, this dip also exists in behavior characteristic of a p-type narrow gap semiconductor

the thermopower data at the same temperature. While we arewith a room-temperature value éf550 ¢V/K. The data are

unsure of the cause of this anomaly, we do not believe it is lacking the p-n transition found in CUTes (x = 0.25 and

due to a structural transition since single-crystal X-ray data were 0.33). From these measurements, it is evident that these

collected for this compound both above and below this properties are drastically affected by the insertion of copper

temperature and the same crystallographic structure was ob-between the layers ai-UTe;. Due to the low temperature at

served (see Table 1). The electrical conductivityd Te; also which the p-n transition occurs for GWTe;s it is difficult to

indicates semiconducting behavior with a room-temperature ascertain the cause. We note, however, that a similar type of

value of 10 S/cm, almost 30 times less thanlCie; (x = 0.25 transition has been reported to occur in MTBl = Zr, Hf)42

and 0.33). However, because these measurements were mad@t 80 K for HfTe, and 145 K for ZrTg) and to this date has

on a pressed pellet this drop in conductivity might be largely defied explanation. Recently a theoretical treatment for these

due to grain boundary effects. pentatellurides appeared in which the sign reversal of the
The thermopower data of QUTe; (x = 0.25 and 0.33) thermopower and the resistivity anomalies were attributed to a

suggest that the material is a p-type semiconductor down to 40two-component dielectric polaron conduction mecharfigm.

K. Below this temperature, the material undergoes-anp o (e R T T T F R KWW "

ransiion. At 300 K, the thermopovier s 20/K. In anatterpt (2 CLien, B FL T M el € Bl W s,

to further probe this transition from p-type to n-type, charge 75 (1¢), 205e.

transport measurements were made on a pressed pellet of (43) Rubinstein, MJ Appl. Phys200Q 87, 5019-5021.
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Figure 9. (A) Variable-temperature, four-probe electrical conductivity

for a crystal of CWUTe; (x = 0.25). (B) Variable-temperature
thermopower data for a crystal of @ilTe; (x = 0.25).

Conclusions

The discovery of C{UTes (x = 0.25 and 0.33) has provided
us with the opportunity to take a closer look at the relative
stabilities of the binary,5-UTe; structure types. As a result
we observe thati-UTes is less thermodynamically stable than
p-UTe; and that by using Te deficient conditions or by inserting
Cu atoms between the layers @fUTe; it is stabilized. Our
attempts to insert Cu directly between the layersodfiTes

Patschke et al.
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Figure 10. (A) Variable-temperature, four-probe electrical conductivity
for a room-temperature pressed pellet @fUTe;. (B) Variable-
temperature thermopower data for a room-temperature pressed pellet
of a-UTes.

analysis has given us some insight as to how the structure of
CuUTe; (x=0.25 and 0.33) may be stabilized. Finally, electron
diffraction studies are critical in this case and indicate the
existence &.0—6.25a,p x 1bsup,supercell. The type of supercell
depends on the amount of copper in the compound and we
believe it is electronically driven by structural modulations
within the apparent TeTe chains in the structure. These
modulations are consistent with the local structure distortions

through solid-state diffusion methods were successful and theobserved by the PDF analysis. They involve the formation of
convenient procedure we described may be a general “chimienormal Te-Te bonds at-2.75 A and broken nonbonding Fe
douce” method for inserting Cu into suitable host materials of Te distances of>3.3 A. CyUTe; (x = 0.25 and 0.33) are

interest?*

semiconductors that present an interesting ransition at low

PDF analysis not only demonstrates that Cu enters the temperatures as revealed by thermopower measurements. Further
structure but also indicates that the two supposedly isostructuralwork on this fascinating material is in progress.

phases, ClUTe; anda-UTes, have substantially different local

structures, much more so than what is suggested by the single
crystal X-ray analysis. This result demonstrates the utility of

the analysis oftotal scattering data through the atomic pair
distribution function method to obtain novel insights into the

local coordination environment of extended solids. The PDF
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